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314 The Journal of Thoracic and Cardbjective: This study was designed to determine whether keeping the heart empty
nd beating improved myocardial fluid homeostasis and energy metabolism of
ypertrophied pig hearts in comparison with cardioplegic arrest.
ethods: Twenty piglets underwent a 12-week ascending aortic banding to induce
eft ventricular hypertrophy. Isolated hypertrophied hearts were divided into 4
roups (n  5 in each group). Two groups underwent normothermic normokalemic
imultaneous perfusion. The other 2 groups were subjected to normothermic hy-
erkalemic simultaneous perfusion and used as controls. Intramyocardial hydro-
tatic pressure was monitored with a microtip pressure transducer. Volumes of
ntracellular and extracellular compartments and myocardial energy metabolism
ere monitored by using phosphorus 31 magnetic resonance spectroscopy.
esults: Normothermic normokalemic simultaneous perfusion (NNSP) maintained
ntramyocardial hydrostatic pressure at a significantly lower level (13.0  0.6 mm
g) compared with normothermic hyperkalemic simultaneous perfusion (NHSP)
23.3 1.2 mm Hg) during a 90-minute preservation. NNSP maintained the normal
olume of the intracellular compartment throughout the preservation period,
hereas NHSP caused significant enlargement (to 123%  6% of its normal
olume) of the intracellular compartment. Expansion of the extracellular compart-
ent during preservation was significantly less in the NNSP group (124%  6%)
han in the NHSP group (152%  7%). NNSP maintained normal levels of
hosphocreatine and adenosine triphosphate until coronary perfusion flow was
educed to 50% of the initial control level. No decrease in energy metabolites was
bserved in the NHSP group even when coronary perfusion flow was reduced to
0% of the initial control level.
onclusions: Keeping the heart empty and beating improves myocardial fluid
omeostasis for hypertrophied hearts relative to cardioplegic arrest. Its ability to
aintain energy metabolism depends on the degree of coronary stenosis. This
echnique may be a promising protective strategy for hypertrophied hearts.
ardiac surgery is still the most effective therapeutic treatment for valve
diseases.1 In patients with preserved ventricular function, cardioplegic te
niques provide sufficient myocardial protection and lead to a complete
ostoperative recovery of cardiac function.1,2 In patients with compromised cardi
unction, such as high-risk patients with severe myocardial hypertrophy, cardiople-
ia may not be able to provide adequate myocardial protection.3,4 This is becaus
he hypertrophied heart has less tolerance to the detrimental effects of cardioplegia,
uch as myocardial edema and overload of potassium and chloride.
Myocardial hypertrophy is associated with a significant enlargement of the
yocardial interstitial compartment and a decrease in the density of the capillaries
iovascular Surgery ● December 2006
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Pnd mitochondria.5-8 These pathologic changes provide t
istologic foundation for severe myocardial edema and
ompromised myocardial perfusion and energy metabolism.
oreover, cardioplegia abolishes the squeezing effect of
yocardial contraction on the coronary system, which is an
mportant element in maintenance of normal myocardial
uid homeostasis and blood perfusion.9,10 Cardioplegia re-
ults in an increase in concentrations of potassium and
hloride and also causes water accumulation in both the
xtracellular and intracellular compartments.11,12 Thus, car-
ioplegic techniques may offer only suboptimal protection
or hypertrophied hearts in high-risk patients.
The development of beating coronary artery bypass
rafting has indicated that cardioplegia is not an indispens-
ble component for cardiac surgery. By extension, it is
elieved that valve surgery can also be performed under
eating conditions. Masroor and colleagues13 and Di Lu-
zzo and associates14 have successfully adopted this tec-
ique in their clinical practice. Their preliminary clinical
xperience has suggested that keeping the heart empty and
eating during valve surgery is advantageous in high-risk
atients.13,14 We hypothesized that the potential benefic
ffects of keeping the heart empty and beating are closely
elated to improved preservation of myocardial fluid ho-
eostasis and the volume of the cellular compartments.
his study was therefore designed to test our hypothesis.
Partington and associates15,16 elegantly showed that idea
yocardial protection requires the administration of cold
lood cardioplegia alternating between antegrade and retro-
rade infusions, because each of these modalities of car-
ioplegic administration perfuses different vessel beds of
he myocardium. Subsequently, Ihnken and associates17,18
ntroduced the concept of simultaneous antegrade/retro-
rade warm blood cardioplegia. They concluded that this
as a “near” ideal method of myocardial protection, a
echnique that was investigated both in animals and hu-
ans. Thus, simultaneous perfusion was chosen as a perfu-
Abbreviations and Acronyms
ATP  adenosine triphosphate
DMMP dimethyl methylphosphonate
LAD  left anterior descending coronary artery
LV  left ventricle
MR magnetic resonance
NHSP  normothermic hyperkalemic simultaneous
perfusion
NNSP  normothermic normokalemic simultaneous
perfusion
PCr  phosphocreatine
PPA  phenylphosphonic acidion technique for this study. o
The Journal of Thoracicaterials and Methods
he animals used in this study received humane care in compli-
nce with the Guide to the Care and Use of Experimental Animals
ormulated by the Canadian Council on Animal Care. The Animal
are Committee in the National Research Council approved the
xperimental protocols used in this study.
ig Model of Pressure-overloaded Left Ventricular
ypertrophy
wenty 6- to 8-week-old piglets weighing 5 to 7 kg were sedated
ith an intramuscular injection of diazepam (0.4 mg/kg body
eight) and ketamine (20 mg/kg body weight). After the induction
f anesthesia, piglets were intubated and mechanically ventilated
ith gas anesthesia comprising 1% to 2% isoflurane in a mixture
f oxygen and nitrous oxide. A left lateral thoracotomy was
erformed in the third intercostal space. The pericardium was
ncised, and care was taken to avoid damage to the phrenic nerve.
he ascending aorta was dissected bluntly from pulmonary artery.
piece of suture inside a silicone tube was placed to circle the
scending aorta. The ends of the suture were tied to allow for
verlap of the tube ends to create a peak systolic pressure gradient
f 10 to 20 mm Hg between the left ventricle (LV) and aorta distal
o the stenosis. The chests were closed, and the animals were allowed
o recover for 12 weeks for the development of LV hypertrophy.
solated Pig Heart Preparation
welve weeks after banding of the aorta, the animals’ chests and
ericardia were reopened under general anesthesia. The aorta,
ulmonary artery, and inferior and superior vena cava were dis-
ected and clamped. A heparinized polyethylene catheter was
nserted into the LV chamber to measure intraventricular pressure.
old (4°C) cardioplegia was infused into the aortic root to arrest
he heart. The heart was quickly excised and immersed in cold
aline solution for instrumentation. The aorta and left anterior
escending (LAD) coronary artery were cannulated for antegrade
erfusion. A 17F retrograde cannula was positioned in the coro-
ary sinus and secured with a purse-string suture for retrograde
erfusion. A short piece of polyethylene was inserted into the LV
hrough the apex to keep the LV empty throughout the protocol.
Pig blood in the animal chest was collected and mixed with
rebs-Henseleit solution in a 1:1 ratio for perfusion of the pig
eart. The Krebs-Henseleit solution contained 118 mmol/L NaCl,
.2 mmol/L MgSO4, 0.5 mmol/L ethylenediaminetetraacetic acid,
1 mmol/L glucose, 25 mmol/L NaHCO3, 1.75 mmol/L CaCl2,
nd 0.625% bovine serum albumin. The concentration of potas-
ium was 4.0 and 16 mmol/L for normothermic normokalemic
imultaneous perfusion (NNSP) and normothermic hyperkalemic
imultaneous perfusion (NHSP), respectively. The mixture was
xygenated with 95% oxygen and 5% carbon dioxide to a final pH
nd PO2 of 7.42  0.02 pH units and 604.7  25 mm Hg,
espectively. The temperature of the heart was maintained at
6.5°C to 37°C throughout the protocol.
xperimental Protocols
solated hypertrophied pig hearts were divided into 4 groups with
hearts in each group. Groups I and II were used to assess the
ffects of empty beating (NNSP) and cardioplegic arrest (NHSP)
n intramyocardial hydrostatic pressure and the volumes of the
and Cardiovascular Surgery ● Volume 132, Number 6 1315
cp
f
I
n
m
t
r
m
s
n
t
u
c
d
u
b
v
o
f
c mol/L
m
r
b
c
g
fi
m
s
1
o
L
f
1
A
k
s
(
b
p
t
r
P
P
m
G
g
p
d
t
h
t
l
a
m
(
T
D
T
Cardiopulmonary Support and Physiology Wang et al
1
CSPellular compartments. The hearts in the 2 groups underwent a
rotocol consisting of a 10-minute antegrade normokalemic per-
usion (control perfusion) and 90 minutes of either NNSP (group
) or NHSP (group II). A microtip pressure transducer with a
eedle tip was inserted 4 to 5 mm into the LV wall for measure-
ent of intramyocardial hydrostatic pressure. Perfusion pressure at
he aorta and coronary sinus was maintained at 60 and 40 mm Hg,
espectively. The corresponding total antegrade flow was 217 13
L/min, and retrograde flow was 47  4 mL/min throughout the
imultaneous perfusion period.
Dimethyl methylphosphonate (DMMP; 20 mmol/L) and phe-
ylphosphonic acid (PPA; 10 mmol/L) were added into the mix-
ure (pig blood and Krebs-Henseleit solution) to monitor the vol-
mes of the intracellular and extracellular compartments. Both
ompounds are chemically inert and nontoxic. DMMP rapidly
istributes to the entire water compartment, whereas PPA distrib-
tes only into the extracellular compartment.19,20 The difference
etween DMMP and PPA distribution volumes gives rise to the
olume of the intracellular compartment. Changes in the volumes
f the 2 compartments during NNSP or NHSP were monitored by
ollowing the magnetic resonance (MR) signal intensities of the 2
hemicals.21 A small plastic ball filled with 1 mL of 500 m
ethylphosphonic acid was placed in the right ventricles as a
eference for quantification of DMMP and PPA.
Groups III and IV were used to assess the ability of empty
eating (NNSP) and cardioplegic arrest (NHSP) to maintain myo-
ardial energy metabolism. The LAD was cannulated in the 2
roups of hearts to control blood flow. Hearts in both groups were
rst subjected to a 10-minute control perfusion and then to 65
inutes of NNSP (group III) or NHSP (group IV). During the
imultaneous perfusion, LAD blood flow gradually decreased from
00% to 70%, 50%, 30%, and 10% of the initial control level
btained at a perfusion pressure of 60 mm Hg. The decrease in
Figure 1. Schematic illustration of the experimental p
mokalemic simultaneous perfusion; NHSP, normotherm
descending coronary artery.AD perfusion flow was used to simulate coronary stenosis. Per- W
316 The Journal of Thoracic and Cardiovascular Surgery ● Decusion at each flow rate lasted 10 minutes. A 5-minute perfusion at
00% flow was used before any decrease in LAD perfusion flow.
gain, perfusion pressures at the aorta and coronary sinus were
ept at 60 and 40 mm Hg, respectively, during the 65-minute
imultaneous perfusion.
At the end of the experiment, total heart weight, LV weight
LV free wall and septum), and areas of the aortic root and the
anding site of the hypertrophied hearts were measured. The
arameters of normal hearts (with no aortic banding) were ob-
ained from the animals in our other studies and used as control
eferences. Experimental protocols are illustrated in Figure 1.
hosphorus 31 MR Spectroscopy
hosphorus 31 (31P) MR spectroscopy was performed on a 7-T
agnet equipped with a Biospec spectrometer (Bruker, Karlsruhe,
ermany). A global MR coil surrounding the entire heart was used in
roups I and II. Thus, the MR signals were acquired from the entire
ig heart. In groups III and IV, an MR surface coil with a 1.5-cm
iameter was positioned over the LAD region. The MR signals were
herefore acquired only from myocardium supported by the LAD.
MR signals (free induction decay) were obtained by use of a
ard pulse with a pulse length of 75 microseconds and a repetition
ime of 2 seconds. Six free induction decay signals were accumu-
ated for each 31P MR spectrum. Thus, each spectrum was aver-
ged over a 2-minute sample time.
The observed phosphorus compounds included DMMP, PPA,
ethylphosphonic acid, inorganic phosphate, phosphocreatine
PCr), and 3 peaks (, , and ) of adenosine triphosphate (ATP).
he  peak was used for quantifying ATP.
ata Analysis
he 31P MR spectra were analyzed by using the software 1D-
col. CP, Control perfusion; NNSP, normothermic nor-
perkalemic simultaneous perfusion; LAD, left anteriorroto
ic hyINNER (Bruker). Myocardial energy metabolites (PCr and
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PTP), DMMP, and PPA are expressed as the percentage of their
nitial levels obtained during the control perfusion.
Statistical analyses were performed with Statistica (StatSoft
nc, Tulsa, Okla). All numerical data are expressed as the mean 
D. One-way analysis of variance was used to compare the
hanges in the intracellular and extracellular compartments and the
ntramyocardial hydrostatic pressure between groups I and II.
ne-way analysis of variance was also used to compare the levels
f myocardial PCr and ATP in groups III and IV.
esults
yocardial Hypertrophy
he area of the aortic banding site was 0.8  0.3 cm2, and
he area of the aortic root was 2.4 0.6 cm2, thus indicating
n approximately 60% reduction in aortic cross-sectional
rea. LV end-diastolic pressure was significantly (P 
0014) higher in the hypertrophied (15.2 3.7 mm Hg) than
n the normal (5.1  1.3 mm Hg) hearts. The ratio of LV
eight to entire heart weight was also significantly (P 
011) higher in hypertrophied hearts (0.57  0.04) than in
ormal hearts (0.46 0.03). Heart weight was greater (P
0031) in hypertrophied hearts (298  54 g) than in normal
earts (236  40 g). The index of heart weight to body
eight was also significantly (P  0.0032) higher in the
ypertrophied hearts (6.91 0.79) than in the normal hearts
5.97  0.57). These suggest that 12-week aortic banding
esulted in significant LV hypertrophy.
ffect of NNSP and NHSP on Intramyocardial
ydrostatic Pressure
representative intramyocardial hydrostatic pressure record
btained from a heart undergoing NNSP and NHSP is shown
n the upper panel of Figure 2. Intramyocardial pressure v
ith contraction and relaxation of the heart. Measurements at
he end of diastole represented intramyocardial hydrostatic
ressure during NNSP. It was very clear that cardioplegic
rrest achieved with NHSP resulted in rapid and significant
levation of intramyocardial hydrostatic pressure. Averages of
ntramyocardial hydrostatic pressure measured from the NNSP
earts (13 0.6 mm Hg) were significantly (P .0037) lower
han those obtained from the NHSP hearts (23 1.2 mm Hg)
Figure 2, lower panel).
ffect of NNSP and NHSP on the Volumes of the
ntracellular and Extracellular Compartments
hanges in the volumes of the cellular compartments during
0 minutes of NNSP and NHSP are shown in Figure
0-minute NHSP resulted in a progressive and significant
ncrease in the volume of both the intracellular and extra-
ellular compartments (Figure 3). At the end of NH
olumes of the intracellular and extracellular compartments
ere 123%  6% (P  .00091 vs its initial value of 100%)
nd 152%  7% (P  .00003 vs its initial value of 100%),
espectively. This suggests that prolonged NHSP is associ- N
The Journal of ThoracicA
ted with significant myocardial edema, with water accu-
ulating in both compartments. In comparison with the
HSP hearts, the NNSP hearts showed significantly (P 
00041) less expansion of the extracellular compartment. At
he end of NNSP, the volume of the extracellular compart-
ent was 124%  6% of its initial volume (Figure 3, upper
anel). More importantly, the volume of the intracellular
ompartment remained relatively unchanged throughout the
0-minute NNSP (Figure 3, lower panel).
fficacy of NNSP and NHSP for Sustaining
yocardial Energy Metabolism
epresentative 31P MR spectra obtained from NNSP and
igure 2. The upper panel shows a representative intramyocar-
ial pressure record obtained from a heart subjected to NNSP
nd NHSP. The lower panel shows average intramyocardial hy-
rostatic pressures obtained from NNSP hearts and NHSP hearts.
NSP, normothermic normokalemic simultaneous perfusion;
HSP, normothermic hyperkalemic simultaneous perfusion.HSP hearts are shown in Figure 4. Average levels of
and Cardiovascular Surgery ● Volume 132, Number 6 1317
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CSP
yocardial PCr and ATP measured at different LAD
lood flows in both groups of hearts are shown in F
. With LAD blood flow more than 50% of the 
ontrol level, NNSP maintained normal levels of myo-
ardial PCr and ATP. Decreased PCr in NNSP hearts
ecame significant when LAD blood flow was decreased
o 50% of the initial control level (P  .0038 vs the PCr
evel measured at 100% LAD flow). A significant reduc-
ion in the ATP level was observed only when the LAD
ow was reduced to 30% of the initial control level (P 
0023). In contrast, hearts subjected to NHSP did not
how any significant decrease in PCr and ATP levels
ven with LAD blood flow reduced to 10% of the initial
igure 3. Comparison of the volumes of extracellular (upper
anel) and intracellular (lower panel) compartments between the
NSP hearts and NHSP hearts. NHSP, normothermic hyperkale-
ic simultaneous perfusion; NNSP, normothermic normokalemic
imultaneous perfusion; CP, Control perfusion.ontrol level. t
318 The Journal of Thoracic and Cardiovascular Surgery ● Dece
l
iscussion
ardiac surgery has provided a reliable treatment to correct
alve abnormalities and to alleviate the life-threatening
ymptoms and complications of valve diseases.1 At present,
yocardial protection during valve surgery relies primarily
n various cardioplegic techniques. However, even with
ontinuous warm blood cardioplegia, which is considered to
e the best form of myocardial protection,22,23 some degree
f postoperative myocardial dysfunction may still occu24
his suggests that cardioplegia does not provide optimal
yocardial preservation, especially for hypertrophied
earts.3,4 The detrimental effects of cardioplegia on tis
uid homeostasis, volumes of cellular compartments, and
yocardial perfusion may be the underlying mechanisms
or postoperative cardiac dysfunction. To improve preser-
ation of the hypertrophied heart, keeping heart empty
eating has been proposed as an alternative cardioprotective
igure 4. Representative 31P MR spectra obtained from an NNSP
eart and an NHSP heart. A significant increase in inorganic
hosphate (Pi) and a decrease in PCr were observed in the NNSP
eart when the LAD flow was reduced to 50% of its control level
left column). No significant changes in ATP, PCr, or Pi were
bserved in the NHSP heart (right column). LAD, left anterior
escending coronary artery; ATP, adenosine triphosphate; PPM,
arts per million; NNSP, normothermic normokalemic simulta-
eous perfusion; NHSP, normothermic hyperkalemic simulta-
eous perfusion.echnique. This study was performed to evaluate the effects
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Pf this technique on myocardial fluid homeostasis, the vol-
me of the cellular compartments, and energy metabolism.
It has been shown that myocardial hypertrophy is asso-
iated with an approximately 30% enlargement of the in-
erstitial compartment, a 100% increase in myocardial col-
agen, and a 50% increase in proteoglycan.5,6 Because
nterstitial fluid is mainly entrapped in minute spaces among
he proteoglycan filaments, enlargement of the interstitial
ompartment and an increase in collagen and proteoglycan
rovide a histologic foundation for severe tissue edema.
igure 5. Comparison of myocardial PCr (upper panel) and ATP
lower panel) levels between the NNSP hearts and NHSP hearts
ith differential LAD perfusion flow. NNSP, normothermic nor-
okalemic simultaneous perfusion; NHSP, normothermic hy-
erkalemic simultaneous perfusion; LAD, left anterior descending
oronary artery; ATP, adenosine triphosphate.herefore, cardioplegia-resulting destruction of myocardial h
The Journal of Thoracicuid homeostasis is expected to be more severe in hyper-
rophied than in nonhypertrophied hearts.
NNSP prevented an increase in intramyocardial hydro-
tatic pressure and significantly reduced enlargement of the
xtracellular compartment. It maintained a normal volume
f the intracellular compartment throughout 90 minutes of
NSP. In contrast, NHSP significantly increased intramyo-
ardial hydrostatic pressure and resulted in enlargement of
oth the intracellular and extracellular compartments. We
elieve that the increase in intramyocardial hydrostatic pres-
ure and the expansion of both cellular compartments in the
HSP hearts were the result of cardioplegia-induced fluid
ccumulation. It has been shown that cardiac arrest signif-
cantly decreases myocardial lymph flow and impairs lymph
rainage, thus leading to water accumulation in the intersti-
ial compartment.9,10,25,26 Decreased lymph flow and dri-
ng pressure were observed during ventricular fibrillation,
hile normal coronary perfusion was maintained.10,25 This
uggests that organized myocardial contraction is very im-
ortant for maintenance of normal myocardial lymph flow
nd myocardial fluid homeostasis.10,25 In addition, as 
esult of prolonged diastolic cardiac arrest, myocardial mi-
rovascular filtration was increased, thus leading to the
evelopment of myocardial edema during cardioplegia27
NSP maintained normal electromechanical activity and
ymph flow of the hearts, thus preventing water accumula-
ion within both extracellular and intracellular compart-
ents. Moreover, according to the Donnan relationship, an
ncreased concentration of potassium, chloride, and water in
he interstitial compartment leads to increased movement of
he ions and water molecules into the intracellular compart-
ent.11,12 NNSP avoided hyperkalemia and hyperchlo-
mia. Thus, NNSP maintained a normal intracellular com-
artment and minimized myocardial edema.
Cardioplegia abolishes the electromechanical activity of
he heart and reduces the myocardial energy demand by a
actor of approximately 100.2 As such, hearts subjected 
HSP did not show any significant change in the levels of
TP and PCr with the LAD perfusion flow reduced. In
ontrast, the hearts subjected to NNSP started to show a
ecline in the PCr level when the LAD perfusion flow
ecreased to 50% of the initial control level. Further de-
reases in the LAD perfusion flow caused a linear reduction
n ATP and PCr levels. Thus, NNSP was inferior to cardio-
legia (NHSP) in maintaining myocardial energy metabo-
ism; this was anticipated. Nevertheless, NNSP was able to
ustain the normal myocardial energy metabolism of hyper-
rophied hearts even in stimulated moderate coronary ste-
osis. Because PCr is normally used to replenish ATP
uring ischemia, a striking decrease in the PCr level started
arlier than a significant decrease in the ATP level.28-30
In this study, histologic assessment of the hypertrophied
eart was not performed. Thus, no histologic evidence of
and Cardiovascular Surgery ● Volume 132, Number 6 1319
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CSPyocardial hypertrophy was provided. However, hemody-
amic and heart weight data indicated significant myocar-
ial hypertrophy. In addition, isolated pig hearts were per-
used with highly diluted pig blood in a Langendorff
pparatus. Therefore, the myocardial edema and expansion
f cellular compartments observed in this study may be
uch more severe than those encountered in hypertrophied
uman hearts. Nevertheless, our results demonstrate that
eeping the heart beating with NNSP improved preservation
or hypertrophied hearts in comparison with cardioplegic
rrest using NHSP. The effects of keeping the heart empty
nd beating on myocardial perfusion and contractile func-
ion are currently under investigation in our laboratory.
In summary, keeping the heart empty and beating with
ormothermic normokalemic simultaneous blood perfusion
mproved the preservation of myocardial fluid homeostasis
nd the volumes of the cellular compartments in comparison
ith cardioplegic arrest using normothermic hyperkalemic
imultaneous antegrade/retrograde blood perfusion. The
rst basic study on this new technique of myocardial pro-
ection forms the basis for the further investigation needed
o fully delineate its potential benefits for surgery on the
ypertrophied heart.
The authors thank Allan Turner, Lori Gregorash, and Shelley
ermscheid for their assistance with surgery.
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